Earlier observational studies of the relation between physical activity and obesity are inconsistent and ambiguous, showing a clear cross-sectional inverse relation, and a prospective association only when physical activity at the time of follow-up is included. OBJECTIVE: To examine the long-term effect of leisure time physical activity (LTPA) on subsequent development of obesity and the effect of body weight on later physical inactivity in a population-based longitudinal setting taking into account the effects of historical changes on future changes as well as pertinent confounders. DESIGN: The study included 3653 women and 2626 men aged 20-78 y selected at random within sex-age strata from the general population of Copenhagen. At two surveys, 5 y apart, LTPA, body mass index (BMI) (weight/height 2 , kg/m 2 ), several possible confounders and modifying factors were assessed. Obesity (defined as BMI Z30 kg/m 2 ) and LTPA was assessed at the 3rd survey 10 y later. Odds ratios (with 95% confidence limits) for developing obesity between the last two surveys were estimated by logistic regression analysis, taking into account baseline and preceding changes in BMI and LTPA. A similar analysis of odds ratios for physical inactivity as outcome at the 3rd survey was conducted. RESULTS: Compared to physical inactivity, the odds ratios of development of obesity among women with medium and high level of activity were 0.81 (0.53, 1.25) and 1.16 (0.73, 1.84), respectively, and among men, the odds ratios were 1.28 (0.71, 2.33) and 1.65 (0.91, 2.99), respectively. Compared to median BMI, the odds ratio of later physical inactivity among women with high BMI was 1.91 (1.39, 2.61), and among men the odds ratio was 1.50 (1.01, 2.22). The associations were not confounded or modified by age, pre-existing diseases, smoking, alcohol intake, educational level, occupational physical activity or by familial predisposition to obesity. CONCLUSION: This study did not support that physical inactivity as reported in the freely living adult population in the long term is associated with the development of obesity, but the study indicates that obesity may lead to physical inactivity.
Introduction
The prevalence of obesity is rapidly increasing, and obesity has considerable adverse health effects. Since treatment often fails and since it is unfeasible to offer it in the magnitude requested, preventive measures are urgently needed. 1 Numerous cross-sectional studies have shown an inverse association between leisure time physical activity (LTPA) and obesity, 2, 3 suggesting that physical inactivity may precede the development of obesity. Increased physical activity, and particularly avoidance of a sedentary lifestyle, is considered to be of paramount importance for prevention of obesity, 1 as well as a general health measure, because of the clear beneficial long-term effects on morbidity and mortality. [4] [5] [6] Recent thorough reviews have addressed the quantitative relationship between physical activity and weight gain or development of obesity and have come to the conclusion that there is evidence to support that physical activity levels that increase the total energy expenditure to above 1.7-1.8 times the basal metabolic rate are needed. 7, 8 However,
prospective observational population studies of adults, from the last 20 y with physical activity measured at baseline are few and have given inconsistent results with regard to the effect of physical activity on body weight change and development of obesity. 2, 7, 8 It is also conceivable that the inverse cross-sectional relation may be due to a reduction of physical activity as a consequence of obesity, assuming that the discomfort of physical activity is worse the greater the overweight.
In investigations of these relationships, it is crucial to assess physical activity and obesity with the appropriate temporal sequence. Despite having available longitudinal, prospective or retrospective data on physical activity from baseline and body weight at follow-up, several authors report associations between concurrent changes. 2, 7 The recent reviews of the problem do not make a clear distinction between studies respecting the temporal sequence, and studies reporting concurrent changes or inclusion of physical activity, assessed at the same time as obesity. 2, [7] [8] [9] Any analysis that includes concurrent measurements of obesity and physical activity as outcome at the end of the observation period is essentially limited in a similar way as cross-sectional analyses. Associations between concurrent changes do not give information on the possible causal direction, as one or the other change could have arisen first and caused the other. A similar argument is valid for concurrent stability; if stable high activity is associated with concurrent lower risk of development of obesity, this can emerge from physical activity preventing obesity or it can emerge from stable body mass index (BMI) enabling the maintenance of high level of activity. However, the results of studies with an informative temporal sequence are inconsistent. 2, 3, 10, 11 Moreover, future weight changes are dependent on current BMI and earlier changes in BMI, 12 and the physical activity habits at, and after, baseline may depend on preceding changes in physical activity. Fluctuations over time, in both physical activity and body weight, giving rise to the so-called regression-to-the mean phenomenon, may lead to misinterpretations of the relationships. In view of the well-documented concurrent inverse relation between BMI and physical activity, this means that both baseline BMI and preceding changes in BMI and physical activity should be taken into account in the analysis. In the present study, the population was examined three times, providing the opportunity to consider the first two as combined baseline, with information of both level and changes of risk factors, of possible modifiers and confounders as baseline information. In this longitudinal setting, we analyzed the relationship between physical activity and BMI as a measure of obesity with each of the two being defined as an outcome and the other as a determinant. The focus was on LTPA, which, in contrast to occupational physical activity, may be easier to modify.
Materials and methods
The study population For the Copenhagen City Heart Study, 13 The study sample Among the subjects examined in all three surveys, complete information on weight, height and LTPA was available in a sample of 6279 subjects. We excluded 725 who were obese (BMI Z30 kg/m 2 ) at 2nd survey from analyses of obesity at the 3rd survey as outcome, leaving 5554 subjects. For the analyses of physical inactivity, the corresponding samples were used without the exclusion of those already obese at baseline; 433 did not respond to the question on LTPA at 3rd survey, leaving 5846 subjects for the analyses.
Anthropometric data and covariates
Height was measured without shoes, to the nearest half centimeter. Body weight was measured to the nearest decimal in kilograms on a fixed balance scale with the subject wearing light indoor clothing, but without shoes. BMI was calculated as the weight (kg) per height squared (m   2   ) . From the surveys, we have information from self-administered questionnaires about factors known or assumed to be related to obesity, 14, 15 including LTPA and occupational physical activity, smoking habits, length of education and, from the 3rd survey, parents' height and weight. Physical activity in leisure time was graded in four levels based on a questionnaire constructed by Saltin and Grimby 16 with minor modifications: (1) Physical inactivity: almost entirely sedentary (reading, TV, cinema) or light physical activity less than 2 h per week; (2) Light physical activity: 2-4 h per week, for example, walking, cycling, light gardening; (3) Moderate physical activity: more than 4 h per week or more vigorous activity 2-4 h per week, for example, brisk walking, fast cycling, heavy gardening, sports where you get sweaty or exhausted; and (4) Highly vigorous physical activity: more than 4 h per week or regular heavy exercise or competitive sports several times per week. The questionnaire has been validated with respect to maximal oxygen uptake, which is increasing significantly from low to high level. 17 In this study, the group at level 4 was too small to be kept separate, and it was therefore included in the group of those at level 3.
Smoking status was categorized as never smoker, exsmoker and three levels of current smokers. Alcohol consumption in drinks per week was grouped into: less than 1, 1-6, 7-13 and 14 or above for women and less than 1, 1-6, 7-13, 14-27 and 28 or above for men. Educational level was grouped into: less than 8 y, 8-11 y and 12 or more years. Predisposition to obesity was assessed on the basis of , and a third group, too numerous to be excluded, did not report on parents' height and weight. Occupational physical activity is used at three levels; low, medium and high activity, corresponding to sitting, standing/walking and walking/lifting or more physically exacting activity.
Chronic disease
Data on chronic diseases were obtained from the surveys and from linkage to an external register and used as described earlier. 18 We identified heart disease, stroke, chronic pulmonary disease, intermittent claudication and hypertension, occurring before the 3rd survey from the questionnaires, physical examinations and hospital discharges. From these combined sources of information, we identified subjects with pre-existing disease, defined as disease that had occurred before the 3rd survey.
Statistical methods
Logistic regressions were used in all analyses. Estimated odds ratios are given with 95% confidence limits (CIs). Data analyses were performed using Statistical Analysis System (SAS, version 8). In all analyses both sexes were included in the same model, but always as an interaction between sex and LTPA, which provided separate estimates for the two sexes. In the analyses of the cross-sectional relation between LTPA and obesity in each survey, we adjusted for age in three levels, allowing the age effect to depend on gender. In a logistic regression model, the odds of developing obesity between 2nd and 3rd survey (having BMI Z30 kg/m 2 at 3rd survey among those with BMI below 30 at 2nd survey), was modelled. After having excluded any major differences in effects across age strata, we adjusted for age at the 2nd survey, at three levels (-50 y, 51-60 y, 61 y-), and allowed the age effect to depend on gender. We adjusted for BMI at the 2nd survey (continuous variable) and allowed its effect to vary depending on the quintiles of changes in BMI from 1st to 2nd survey. By including the change in BMI rather than the BMI at each of the two surveys, we avoided colinearity between the two BMI measures and allow for the possibility to include an interaction term. The choice of the most parsimonious model with regard to the combinations of the various variables constructed was based on the Akaike Information Criterion (AIC), 19 AIC is a measure used to compare models, which are not hierachical submodels of each other. Models adjusted for sex, age and BMI are referred to in the tables as basic models. As possible modifying and/or confounding variables we tested for age, earlier BMI, smoking status, alcohol consumption, educational level, occupational physical activity and familial predisposition to obesity. Results Table 1 shows the distribution of age, BMI and proportion of obese in the sample used in the longitudinal analyses. The three surveys each showed a concurrent inverse association between LTPA and obesity ( Table 2 ). Odds ratios of obesity for active subjects were half of those for less active and the difference was highly significant.
As preparation for the model-based prospective analysis, we calculated the percentage becoming obese between 2nd and 3rd survey by level of LTPA at 2nd survey within strata of gender and overweight. , neither showed a consistent trend, with percentages ranging between 0.0 and 1.9. These crude data did not lend support to an inverse association between LTPA and later obesity. Odds ratios of obesity at 3rd survey crosstabulated by LTPA from 1st and 2nd survey are presented in Table 3 . There is no major difference for fixed level of activity in the 2nd survey, Physical activity and obesity L Petersen et al whereas odds ratios for fixed level at 1st survey are increasing for increased activity at 2nd survey, especially in men. The interaction between the two measures of LTPA was, however, statistically insignificant (P ¼ 0.70), and so was the relation to the LTPA at 1st survey (P ¼ 0.52), wherefore the results mainly reflect the effects of LTPA at 2nd survey.
There was a significant direct association between level of LTPA at 2nd survey and development of obesity before 3rd survey (P ¼ 0.03), and there was no significant modifying effect of gender (P ¼ 0.47), but since the results appear different they are presented separately for men and women (Table 4) . Among women, odds ratios were close to one with regard to the medium as well as high activity with no trend, whereas among men there was an insignificant tendency to increased odds ratio with a higher level of LTPA.
Neither age nor earlier BMI modified the effects of LTPA (data not shown). The effects of smoking status, alcohol consumption, educational level, occupational physical activity and familial predisposition to obesity were analyzed allowing for interaction with LTPA to find possible Only the subjects present at all three surveys and not obese at 2nd survey. Adjusted for age and BMI at 1st and 2nd survey, occupational physical activity, length of education, smoking, alcohol habits and familial predisposition to obesity, cross tabulated by LTPA at 1st and 2nd survey. Adjusted also for LTPA at 1st survey. b Adjusted as above and also for occupational physical activity, length of education, smoking, alcohol habits and familial predisposition to obesity at 2nd survey. Physical activity and obesity L Petersen et al modifying effects on the relation between LTPA and later obesity, but none of them were statistically significant (all P40.10). To explore possible residual confounding from age, the three age groups were each split into two, which did not change the results. None of the other risk factors confounded the association of major interest, since estimated odds of becoming obese did not change noticeably when adjusting for either of them separately (data not shown) or when adjusting for all of them (Table 4) . Excluding those with pre-existing diseases at 3rd survey reduces the material considerable, and leaves only 1495 subjects for the analysis, and hence wider confidence limits, but the odds ratios still suggest a direct association between LTPA and becoming obese among healthy subjects, particularly among men.
Using BMI Z32.0 kg/m 2 as the definition of obesity, 5.8% women and 4.7% men developed obesity between 2nd and 3rd survey. Odds ratios were unchanged among women, whereas among men the higher threshold weakened the positive association (data not shown). The crude relation between physical inactivity at the 3rd survey and earlier BMI showed an increasing percentage through the quintiles of BMI at the 2nd survey in both sexes, for women from 8.0 to 21.4% and for men from 10.0 to 15.6%. Model-based estimates of odds ratios of physical inactivity at 3rd survey by level of BMI quintile at 2nd survey are presented in Table 5 . We found consistent tendencies that low BMI is associated with lower odds of inactivity, whereas higher BMI was significantly associated with higher odds of inactivity irrespective of which type of adjustment was applied in the analysis.
Discussion
From the 15-y longitudinal analyses with the first two surveys as combined baseline, we found no evidence that physical inactivity promotes the development of obesity. On the contrary, a reverse tendency was present, namely that among the more active subjects there were more obese later on. This finding was not explained by pre-existing diseases. Actually, estimates were strengthened in those free of preexisting disease, and it was not modified by age, earlier BMI, alcohol consumption, level of education, occupational physical activity nor familiar predisposition to obesity. We found an insignificant gender difference, suggesting no association between LTPA and obesity in women and a weak direct association among men.
As expected, the cross-sectional inverse association between LTPA and obesity was strong and statistically significant: the more the activity the lower the odds ratios of concurrent obesity. The results were consistent in all three cross-sectional analyses as well as in the selected material of those present at all three surveys and nonobese at 2nd survey. Our findings indicate that BMI is a strong determinant of later LTPA; the greater the BMI the greater the risk of being physically inactive 10 y later, also when adjustments were made for previous LTPA and possible confounders of the relation.
As recently reviewed by Fogelholm and Kukkonen-Hajula, 2 our findings are compatible with the other published studies on the relation between physical activity and later obesity that respect the temporal sequence of possible cause and effect. There are three studies showing no association. 3, 20, 21 Two studies show direct relations, 10,11 one among men, the other in both genders, but only with regard to sports activity. In three studies, the expected inverse relation 11, 22, 23 was found, the two of them in women only, and the third study without adjustment for baseline BMI, which implies that the observed effect could also be a result of the effect of BMI on physical activity. There was no systematic relation between the duration of follow-up and the direction and strength of the association of interest. Thus, in earlier studies, when disregarding the number of years of follow-up, an inverse relation in women cannot be excluded, whereas in men the Adjusted as above and also for BMI change between 1st and 2nd survey. b Adjusted as above and also for occupational physical activity, length of education, smoking, alcohol habits and familial predisposition to obesity at 2nd survey.
c Free of pre-existing diseases at 3rd survey and fully adjusted.
d Tests for trend were carried out by including the median BMI for each quintile as a continuous variable.
Physical activity and obesity L Petersen et al relation, if any, surprisingly may be direct. In a new study, using labelled water and indirect calorimetry for the assessment of energy expended by physical activity and level of physical activity in Pima Indians, neither measures were correlated with later changes in body weight. 24 None of these studies took into account the preceding changes in BMI or physical activity, and none have explicitly addressed the reverse analysis of BMI as a possible determinant of later LTPA. A few studies did use LTPA at follow-up as 'predictor' for preceding weight changes, and found that low activity was associated with higher weight gain, 3, 21 but this type of analysis does not allow an elucidation of the temporal sequence of the relations. These fundamental problems in study design were unfortunately not dealt with in the more recent otherwise thorough reviews of the evidence for a protective effect of various levels of physical activity on the risk of development of obesity. 2, 7, 8 Our study has the advantages of being longitudinal in design with prospective data collection in a fairly large population sample, and measures of height and weight are objective; thus, there cannot be recall bias in the LTPA measure and no misclassification in BMI because of possible differential misreporting. The main limitations of the study are the possible selection bias due to the attrition of the cohort over time, the possible dilution of the effects due to measurement errors and the possible mutual irrelevance of variables measured at such long time intervals as in this study.
Any population-based study running over so many years as the present one, will be subject to attrition, which may introduce a selection bias in the results. When the subjects are called for a new examination, obviously attendance will be related to characteristics of the subjectsFincluding vital status, illnesses, general health status, lifestyle and distance of current residence. On the other hand, proper evaluation of the risk of obtaining a biased estimate of the associations between characteristics at different points in time requires careful consideration of which type of sample attrition could produce a bias. If the expected relationship between physical inactivity and later development of obesity does exist, and our finding of no association is spurious, then this would require that the participation at the 3rd survey, for a given level of physical activity 10 y earlier, is different for subjects who developed obesity compared to those who did not. This could be the case, not least because of the long-term positive health effect of physical activity. On the other hand, the consistent and clear inverse relation between physical activity at all three surveys makes this bias less likely. It is also worth noting the quantitative aspects of such possible bias. For example, to find the expected inverse relation of LTPA at the 2nd survey and later obesity among men with BMI between 25 and 29 kg/m 2 , then (based on the crude percentages) more than 29.0% of the future nonattendants reporting inactivity should develop obesity compared to the 11.7% who did so among attendants. Likewise, among women with medium activity in 2nd survey, more than 42.8% nonattendants should have developed obesity compared to the 23.1% who did so among attendants. Thus, the selection bias should be severe to actually reverse the association observed. Furthermore, the distribution of variables at the 2nd survey among future nonattendants and those attending the 3rd survey did not support a strong selection bias. We found no major differences in BMI and in LTPA and no differences in the cross-sectional relation between activity and obesity between future nonattendants and future attendants at the 3rd survey (data not shown).
It is an important question as to whether our inability to find the expected inverse relationship between physical activity and later obesity is due to too crude a measure of physical activity without distinction between no and very low activity. The statistical tools used in the present study, that is, logistic regression models, do not take into account measurement errors on the explanatory variable. This is obviously less of a problem when BMI is the explanatory variable than when LTPA is so, although BMI may also be considered a proxy measure of obesity. Therefore, we may have less confidence in the results of LTPA not being able to predict later obesity, than for the results on BMI strongly predicting future inactivity. Measurement errors of explanatory variables in a complex model may cause unpredictable bias in the estimated effects, but in the crude tabulations, where LTPA is the only explanatory variable, measurement error will weaken associations, and not reverse them. 25 Therefore, the finding that the crude percentages of those developing obesity before the 3rd survey for different levels of LTPA at 2nd survey shows the same tendency as the complex models, suggesting that measurement errors did not produce our results. Furthermore, as seen in the crosssectional analyses, the measure of LTPA used here was able to demonstrate the strong inverse correlation with concurrent BMI, and the detailed study of Pima Indians showed the same. 24 The finding of the plausible crude as well as multivariate adjusted relation between BMI at the 2nd survey and physical inactivity at the 3rd survey also attests to the usefulness of the measure of the LTPA, as does the observation in the same study population of a strong predictive value of LTPA at 1st and 2nd survey with regard to long-term total mortality. 26, 27 The third potential limitation of this study is the long time interval between the measurements, which could have dilution effects on the results in the same way as measurement errors. In this population, more than 50% have the same level of LTPA in two successive surveys, about 20% increased their level and about 25% reduced their level of LTPA, with the same pattern in women as in men. It is conceivable that reduced physical activity in individuals with a former high LTPA level could be a cause of obesity. However, reducing activity from high LTPA during the intervening years between 1st and 2nd survey was not associated with increased odds of obesity at the 3rd survey. The above-mentioned long-term predictive effects of LTPA Physical activity and obesity L Petersen et al on mortality 26, 27 is also in this context a support of the contention that LTPA as assessed at the 2nd survey should show a relation to later development of obesity, had such relationship existed. A closer examination of short-term effects would require follow-up of a cohort at shorter intervals. On the other hand, in a public health perspective it would be essential to demonstrate the long-term relation in a free-living population as also emphasized in the recent reviews.
7,8
Our results do not support the fact that medium or high physical activity at baseline prevents obesity in the long term. This contradicts the intuitive ideas derived from the energy balance equation and from the observed crosssectional association. On the other hand, it may be questioned whether it is compatible with the thermodynamic law underlying the energy balance equation to put the question whether physical activity levels at a given point in time are related to later risk of developing obesity. The energy balance equation tells us that changes in physical activity can result in weight change if energy intake does not counterbalance the changes in energy expenditure, which may occur in short-term studies even in free-living subjects. 28 However, it cannot be inferred from the law of the energy balance equation and such short-term experiments as to how the cumulative regulation of the energy balance works in the long term in large populations of freely living individuals. The conclusions drawn in the recent reviews, although not fully adequate from the point of view of the problems discussed here, attest to the relevance of investigating whether various levels of physical activity are related to later risk of development of obesity, irrespective of the lacking control of the energy intake. 7, 8 Furthermore, development of obesity corresponds to a very small positive energy balance, usually less than 1% of the total energy turnover, which by itself suggests that factors other than the great differences in LTPA between individuals should be considered. When obesity has developed, the energy turnover increases and the energy requirement supporting a given physical activity increases as well. 1 In addition, it seems likely that a given level of physical activity elicits on average more discomfort, for example as musculoskeletal complaints, dyspnoea, exhaustion and sweating, the greater the overweight. This may reduce the motivation for physical activity and eventually reduce the actual physical activity. Although our study does not exclude a short-term effect of LTPA on accumulation of fat in the adipose tissue, our results do not support a long-term effect of physical activity on the risk of later development of obesity. Our study indicates, on the other hand, that the opposite causal direction is operating, namely that obesity leads to less physical activity, a finding that strongly encourages future studies of the prospective relation between physical activity and obesity to integrate the possible temporality of the phenomena in the design and analysis.
